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1

ROBOTIC ACQUISITION OF OBJECTS BY
MEANS INCLUDING HISTOGRAM TECHNIQUES

BACKGROUND OF THE INVENTION

In today’s industries, there 1s a tremendous need for
sensor guided robots for material handling and assem-
bly. The first step in any assembly task is to acquire a
part from a bin or pallet or other source of supply.
Strategies are needed for automating this parts-acquisi-
tion process using industrial robots. Providing vision
and tactile sensing to a robot can aid in object recogni-
tion, In-transit inspection, and increase the handling or
assembly speed by eliminating the need for blind search.
The alternative to vision is inflexible, often expensive
fixturing, which 1s at odds with the fundamental justifi-
cation for a robot, namely its programmability. This is
especially important in batch manufacturing environ-
ments, where a robot can easily be adapted to accom-
modate batch to batch variations in shapes and sizes of
the product. Over 70% of the products manufactured in
the U.S. are produced in batches. The ultimate in robot
flexibility and one with the least amount of fixturing
Incorporates visual and tactile sensing to remove unori-
ented objects from a bin.

The tollowing U.S. patents provide additional back-
ground mmformation: U.S. Pat. No. 3,804,270, issued on
Apr. 16, 1974 to J. A. Michaud et al.,, U.S. Pat. No.
4,305,130, 1ssued on Dec. 8, 1981 to R. B. Kelley, et al.,

U.S. Pat. No. 4,344,146, issued on Aug. 10, 1982 to R. E.

Davis, Jr., et al,, and U.S. Pat. No. 4,402,053, lssued on
Aug. 30, 1983 to Robert B. Kelley, et al.

SUMMARY OF THE INVENTION

According to an example of the invention, a robotic
apparatus and method 1s provided for acquiring jum-
bled objects or workpieces from a bin and transferring
them to an intermediate or final site. A video camera
system produces a video signal representing a bright-
ness image of the jumbled objects. After an intermediate
amplitude range of the video signal is selected and ex-
panded, the signal is quantized into digital pixels. A
computer enhances the image of pixels by retaining
pixels above a threshold intensity computed from an
intensity histogram of the image. Adjacent pixels of
greatly different brightnesses are recognized as being at
edges of an object and are suppressed. The pixel image
1s further repeatedly shrunk by suppressing pixels which
have (or are adjacent to pixels which have) a bnghtness
less than a predetermined threshold, which is succes-

sively increased until the remaining total bright area of
the 1image falls below a predetermined proportion of

this original image. Bright pixels are added to spaces
between nearby bright pixels to form clusters of pixels.
The clusters having more than a predetermined area are
identified as objects to be acquired and transferred to a
predetermined site.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s a pictorial view of a combined robotic and
electro-optical system whose purpose is to automati-
cally acquire at high speed from a bin or other container
diverse objects which may be randomly oriented and
touching, or separated from each other, and deliver
them to an object receiving station for further process-
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FIG. 2 1s a block diagram of the total ‘acquisition
system of FIG. 1;

F1G. 3A 1s a circuit diagram of a video range expan-
der which serves to efficiently increase the gray scale
resolution of the object acquisition system;

FIG. 3B 15 a plot of video waveforms at various cir-
cuit stages of the circuit of FIG. 3A showing means for
amplitude resolution and gray scale enhancement:

FIGS. 4A and 4B illustrate two examples of histo-
grams and their use in computing adaptive thresholds;

FIG. 4C 1s a diagram of a hardware circuit for com-
puting hlstograms

FIG. 5 is a flowchart of the total system illustrating
the various functions which can be performed including
system setup and display, testing, system initialization,
training and operation:;

FI1G. 6 1s a flowchart describing the operation of the
system during the automatic training phase;

F1G. 7A 1s a flowchart describing the overall opera-
tional phase including communication with the robot:

FI1GS. 7B and 7C are flowcharts describing the image
and data processing for randomly distributed objects
which may be separated or touching;

FIGS. 7D, 7E, and 7F are more detailed flowcharts
of boxes in FIGS. 7B and 7C;

FIG. 8 1s a diagram of the object acquisition system of
FIG. 2, and in addition, an electro-optical system for
inspecting objects acquired from a bin and distributing
them to various receiving sites;

FIG. 9 1s an illustrated comparison of image pixels in
the conventional binary, fixed threshold, image data
segmentation system, and an improved gray-scale, vary-
ing-threshold, system of image data segmentation;

FIGS. 10A and 10B show an illustrated comparison
of image pixels in a simultaneous two-dimensional data
segmentation, and an improved separable or sequential
two-dimensional data segmentation providing signifi-
cant circuit simplification and cost reduction;

FIGS. 11A and 11B are block diagrams showing two
implementations of separable, sequential, two-dimen-
sional data segmentation techniques;

FIG. 11C 1s an illustration of a one-dimensional logic
implementation of data segmentation using three suc-
cessive pixels inputs;

FI1GS. 12A, 12B, and 12C will be referred to in de-
scribing means for determining the parallel jaw grasp-
site of an object of random shape, using the center of

~ area rather than the center of gravity of the object;
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FI1G. 13 illustrates the use of a Sobel operator on a
3 X3 neighborhood of nine adjacent pixels in accom-
plishing data segmentation.

DETAILED DESCRIPTION

Referring now in greater detail to the drawing, in
FIG. 1 a video camera 1 scrutinizes a bin of randomly
oriented objects 10 which are illuminated by a set of
adjustable lights 13 to produce an image which is fed to
the system controller 2 and which may be observed by
TV monitors 5 and 6. The system cathode ray tube
terminal 3 is connected to the controller and serves to
input Instructions and observe the status of various
program sequences. Auxilliary processor peripherial
devices 4, such as printers, external storage, etc., are
also connected to the system controller. A robot 7 and
1ts controller 8 are directed by the robot CRT 9 and are
fed processed signals from the system controller to
acquire objects from the bin 10 and place them on a
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production line 11 by means of gripper 9 and its control-
ler 12.

FIG. 2 is a block diagram of the total system. Here,
the output of camera 1 is fed to the video range expan-
der 14 which is shown in detail in FI1G. 3A. A bypass
switch 15 allows the video signal to bypass the video
range expander for initial adjustment of the system. The
output of switch 15 is fed to a video switch 16 by means
of which the direct video signal is viewed on monitors
5 and 6, or the stored image output of a frame grabber
17 is viewed by the monitors. A multibus 21 provides
the common channel which carries the information to
and from a dynamic ram 18, ROM 19, the hardware
histogram circuitry 20, disk drive equipment 24, a non-
volatile RAM 27, and a central processor (CPU) 28. To
~ speed up processing, the CPU 28 has an auxilliary math-
ematics processor 23 and includes a CRT terminal 3, a
display controller 25 and a front panel indicator 26 on
the system controller 2. An I/0 expander 22 is con-
nected to the multibus to provide adequate bandwidth
for the signals fed to the robot control system 8. This
consists of a robot controller 32 and its CRT terminal 33
and a floppy disk 29 for storage of instructions, a teach-
ing box 31 which provides the means of the robot 7
instruction set-up and test, and an 1/0 module 30 used
to drive the gripper controller 12. This 1s connected to
the gripper 9 and provides bidirectional information to
detect and grasp an object and to indicate its continued
presence until deposited on the production line 11. With
the use of an electric gripper, the level of pressure on
the object is limited to avoid crushing the fragile ob-
jects.

FIG. 3A shows a block diagram, and FIG. 3B shows
important waveforms, of the video range expander 14,
whose function is to provide electronic magnification of
significant portions of the desired video signal derived
from the camera which is viewing the objects of interest
in the bin. In addition, it minimizes or completely re-
moves undesirable scene background reflections
thereby attaining an improved image. The magnifica-
tion function serves to multiply, by a controlled factor,
the effective range of gray levels which are limited by
the frame grabber specification which, for example,
may be a 6 bit unit, to effectively accomplish in perfor-
mance something approaching an 8 bit unit. This is
attained by the use of two controllable clipping circuits
44 and 46, and the background or baseline gray level
control 45 and the peak white or offset control 47. After
these two controls are manually set at the front panel by
observing the video on the monitor after the lighting
has been adjusted for optimum results, the gated auto-
matic gain control (AGC) 49, whose magnitude 1s de-
termined by the offset magnitude encoder 48, adjusts
the amplification to provide a switchable normalized
level of video to either the frame grabber 17 and/or the
system monitor 3. The synch stripper 43 separates sync
from the incoming video and feeds it to various circuits
of FIG. 3A.

Referring to the circuit of FIG. 3A and the wave-
forms of FIG. 3B, a typical waveform 58 1s shown at A,
which may include highlight peaks which can limit the
dynamic range of desirable video for edge detection of
the objects of interest. The signal 1s first clamped to
ground or O level by DC restorer 42 in FIG. 3A, result-
ing in waveform 59 shown at B in FIG. 3A. This 1s
followed by the level clipping circuit 44, which is ad-
justed by the gray level control 45, resulting in the
waveform 60 shown at C. All information darker than
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this setting is ignored in further data processing, with
the result that significant information is accentuated and
undesired data is minimized. The white level clipping
circuit 46, adjusted by the offset control 47, produces
waveform 61 at D. In the next stage, the AGC pulse
portion of waveform 62 is used to normalize the level of
the slice by a gated AGC circuit 49 which operates
during the blanking portion of the video cycle so as not
to interfere with the video itself. The vahd setting de-
tector 50 and indicator light 51 insure that the above
adjustments are proper. This is followed by removing
the AGC pulses, as shown in waveform 63 at F, and
reinserting the normal synch and blanking pulses in the
output video buffers 54 and 57 to produce the standard
video waveform shown in waveform 63g at G and H.
This waveform is fed from G to the frame grabber 17,
and from H to the monitor 5. Multiplexer MUX 1 382,
actuated by panel mode select switch 33, provides a
choice of expanded video or normal video (bypassed
video range expander), to the frame grabber. Multi-
plexer MUX 2 5§, in conjunction with a second panel
mode select switch 56, provides a choice of viewing
either the expanded range video or the stored image
from the frame grabber on the monitor.

Reference is now made to FIGS. 4A, 4B, and 4C for
a description of adaptive thresholding using an intensity
histogram.

An intensity histogram can be used to determine the
starting threshold of an iterative data segmentation
process as well as ascertain the status of overall scene
illumination. A two-dimensional data segmentation
technique is used in one implementation for acquiring
parts from a bin using a robot. If the initial setting of a
threshold for this iterative shrinking mechanism 1s not
optimum, many iterations must be performed before the
process converges to the desired results. Another prob-
lem commonly encountered 1s the random fluctuations
in intensity of ambient illumination. If a preset threshold
is used over a long period of time, the system perfor-
mance would depend on the degree of fluctuation 1n
ambient lighting.

In order to solve the above problems, an intensity
histogram can be made by analyzing the scene within a
window. The bi-modal distribution of an intensity histo-
gram depicts the nature of scene illumination and the
reflection characteristics of workpieces. For bright
objects on a dark background, two clear peaks can be
obtained. One peak corresponds to shadows cast by
jumbled workpieces on one another and the back-
ground, while the other peak corresponds to retlection
from the brightly illuminated workpieces. In this case,
the initial threshold should be selected at a point be-
tween the two peaks but closer to the brighter peak, as
judged during the training phase. Such a judicious
choice of starting threshold can speed up the process
significantly.

It 1s advantageous, therefore, that a histogram of a
window-scene should be made for every pick-up cycle.
Since histograms depend on scene lighting, and spatial
distribution and reflection characteristics of work-
pieces, the threshold will change when any of these
factors change. Thus, the initial threshold for the data
segmentation process can be selected in a more signifi-
cant and adaptive manner as described herein.

This histogram can be created using either software
or hardware technigues and can be modified before the
determination of a threshold. In the present example,
the histogram generator is implemented in hardware, as
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shown in FIG. 4C, to enhance the speed of the system.
The histograms at 64 and 67 in FIGS. 4A and 4B are
smoothed as shown at 65 and 68 to make the threshold
selection much easier to accomplish. For example, the
histogram can be smoothed by convolving it with a
3 X 1 element (one-dimensional) averaging filter, gener-
ally each element having the same weight.

As shown in FIG. 4A, histogram H, 64 incorporates
an ordinate y=number of pixels of a given brightness,
and the abscissa x=gray scale of light intensity, gener-
ally shown in binary form with two major peaks. The
ieft one represent shadows and the right one strong
reflections of the incident light as well as some ripples
due to random reflections from the jumbled objecis.
When this histogram data is filtered to minimize the
ripples so as to more clearly identify the desired two
peaks, histogram H'a at 65 results. The latter 1s then
processed to determine the y(x) amplitude which has
y{x+1) and y(x—1) both less in amplitude than y(x),
thus identifying y(x) as a peak. It is then shown as a
single line in H"'a at 66. In a similar fashion, FIG. 4B
shows a histogram Hb of an illuminated object which
has a variety of reflection surfaces and black or gray
background, therefore having many peaks. The signal
appears as Hp' at 68 after filtering, as Hp" at 69 after
peak detection, and as Hp'"' at 70, after an ordering of
the magnitude of the various peaks, the two largest
neaks y3 and ys being selected. The threshold T, 1s usu-
ally adjusted between x3 and x5 to optimize the selectiv-
ity between individual objects. In Hg 1t 1s seen that y 1s
the dark peak and y; is the bright peak. The threshold

To1s dertved by experiment during the training phase as
follows: -

To=Ap+ KX —~Xp)

where

X p=dark peak location

X1 =light peak location

K =contrast factor
K may vary from 0.3 to 1.0 depending on the light
situation, the surface quality of the object and the opti-
mum performance obtained during the training phase
but under unusual conditions may have a greater range
(e.g., to 1.25). Equipment actually constructed used a
value of K equal to 0.9.

The function of the hardware histogram generator in
FIG. 4C 1s to take a window gated area within a field of
video data and accumulate the number of times each
resulting intensity value has occurred. By this means a
histogram, which 1s a representation, as shown in FIG.
4A and 4B, of this intensity distribution, can be derived.
In FIG. 4C video data which 1s generated by camera 1,
as shown in FIG. 2, 1s passed through a D.C. restorer
189 and a window gated video buffer 190 and fed to an
A/D converter 191. This device translates the analog
video signals into an eight bit binary data stream. The
window circuitry, which 1s programmable both manu-
ally and automatically in advance through the com-
puter, gates which areas of this incoming video stream
will be included 1n the histogram data and which will be
ignored.

When the digital video data within the selected win-
dow output from 192 is detected in a 256X 16 RAM
data buffer 193 its binary value 1s used as an absolute
address to the memory and the resulting location within
the RAM is incremented by one. This process continues
over the entire windowed field of view, When com-
pleted, each location of the RAM represents one of 256
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possible intensity values and the data within this loca-
tion represents the number of pixels of this intensity
which have occurred. The RAM can then be accessed
through the multibus interface 194 by the host com-
puter 28 for analysis of the histogram data. The width of

the histogram memory 1s 16 bits to accommodate the
worst case condition where a 256 X256 pixel window
contains all the same intensity values (65,536 1n the
exemplary equipment).

In FIG. 4C, there i1s additional circuitry for a pixel
clock 195, gated by a programmable window outline
and cursor generator 196 for display purposes, 1n
“AND” gate 197, and video sync generation circuitry
189. Further circuits include timing control 198, a six-
teen bit adder 199, and a TTL to ECL translator 200
which drives the A/D converter 191. The resulting
histogram signals are fed to the system multibus 21 as
shown in FIG. 2. A video display combiner 201 allows
the viewing of the window gated pictorial information
to be viewed on the monitor.

Reference is now made to FIG. 5 for a description of
a total system flowchart which includes eight sequential
operations as follows:

Operation 1 (boxes 71, 72, 73, and 74) initializes all the
processes including the vision system and robot system.

“Reset” turns on all indication lights as a check of their
operation.

Operation 2 (boxes 75 and 76) checks the status of the
vision backup memory and updates it. Selecting DD on
keyboard displays on the monitor the contents of the
backup memory.

Operation 3 (boxes 75 and 84) provide for calibration
of the total system. Scale factors are pixels/mm, and

offsets between camera and robot in linear and angular
coordinates. This data 1s placed 1n backup memory.

Operation 4 (boxes 75, 85, 86, 87, 88, 89, 90, 91, 92, 93,
94) is the setup and display of key functions to check for
proper operation as for example: the proper lighting,
indicator lights, bypassed and active video range expan-
der, adjust gray level and offset controls to optimize
separation of objects in contact, to adjust brightness,
and prevent circuit overload.

Operation 5 (boxes 73, 80, 81, 83) is the training sys-
tem described in the flowchart of FIG. 6 for touching
or overlapping objects. The train light indicator is acti-
vated. .

Operation 6 (boxes 73, 77, 78, 79) communicates with
the gripper. In the electronic gripper it stores the data
on dimensions of objects to be acquired and the desired
pressure. In the pneumatic gripper it allows manual
adjustment of the jaw separation to fit the objects to be
acquired.

Operation 7 (boxes 76, 80, 81, 82) is the training sys-
tem described in the flowchart of FIG. 6 for non touch-

“ing or overlapping objects. The train light indicator 1s

activated.

Operation 8 (boxes 73, 93, 96, 97) 1s the operation
system and acquires objects from the bin, as described in
flowchart of FIGS. 7A, B, and C. The “acquire” light 1s
activated as are alternate activation of the robot and
vision lights on the front panel. The duration of the
“on’’ cycle of each light 1s determined by it’s data pro-
cessing time. Each time an object is acquired and placed
in a production receiving line, a new window is im-
posed on the objects in the bin, the process of data
segmentation and object selection is carried on and the



4,613,269

7

object location and orientation as transmitted to the
robot at which time the robot panel light comes on.

Operation 9 (boxes 75, 98) allows operation of the
system with programs stored on a disk feeding the mul-
tibus in place of the EPROM 19 as a source. FIG. 61s a
training flowchart showing what is included in the box
80 in the total system flowchart of FIG. 5. Important
parameters such as communication with the robot hard-
ware histogram circuits, the mathematics processor and
the main processors are initialized for training the sys-
tem for objects which are separated, touching or over-
lapping. FIG. 6 describes the various steps from 99
through 113 to instruct the system and store mformation
in a non-volatile memory for use in the automatic opera-
tion mode shown in FIGS. 5, 7TA, 7B, and 7C. The
operator, shown as operator input data at 100, provides
by means of panel controls and the CRT terminal, the
important image processing parameters 99 essential to
the system operation. These include, for example:

Spatial distribution of objects in the bin (e.g., tou-
ching/non-touching).

Maximum number of objects to be selected in a win-
dow,

Maximum number of times the empty bin 1s to be
scanned before system 1s shut down.

Intensity coefficient desired.

Intensity difference at the edges of touching objects.

Minimum clustering distance and area to attain object
coherence.

The number of windows to be used for training data.

Choice of bright objects on dark background or vice-
Versa.

Number of frames to be used for averaging on the
frame grabber.

Coordinates of camera and robot locations.

Size and shape of objects in bin.

Maximum allowable gripper pressure on the object
(object fragility). " |

At 101, the program, having used this data, deter-
mines the window size and sequence and sends the size
and shape information to the robot controller 102. In
103, the camera 1 feeds a picture of the surface of the
bin containing the objects. The vision controller pro-
cesses it in the video range expander 14, stores 1t in the
frame grabber 11, establishes a window and derives an
intensity histogram of a subimage inside this window.
From this is derived an adaptive threshold in 104, which
is used to enhance the image of the object or objects
against the background. The program then computes
the area, A,, the number of pixels in the bright portions
of the object under scrutiny. A decision 1s then made 1n
105, as to whether the objects are separated, or jumbled
and in contact with each other, based on operator mput
data. In the former, the no decision of 105 leads 1nto a
decision at 111 as to whether there remain other win-
dows to be processed. If so, this cycle is repeated unti
all windows have been done in a similar fashion. If the
last window has been processed the computer 1in 112
determines the mean area u 4 of the bright portions in all
the windows as well as the standard deviation, 04, of the
areas, and computation is made of n=pg4—Q40 4,
which is the lower limit of tolerable area to be allowed
during the operational mode. Q4 is a scale factor. These
data are stored in the computer memory. In 113, the x,y
coordinates and the orientation of the selected objects
are displayed on the monitors and the training data 1s

checked for accuracy by the use of the operational
mode of FIGS. 7A, 7B, and 7C. If the displayed object
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location and orientation data are inaccurate, successful
acquisition of an object by the robot is not possible. The
training cycle must then be repeated until successful
acquisition can be attained and the appropriate data 1s
stored in the computer for use during system operation
to be described in connection with FIG. 7.

If, in 105, the decision is that the objects are in
contact, the data is further processed in 106 by incre-
menting the threshold to reduce the areas of bright
patches and thus enhance the separation of the edges of
objects. The software performs the log gradient and
subtracts high gradient points from the image. The
remaining bright areas Aj are now used to find a new
ratio.

This process continues in 107, m times until the bright
area 1s too small for further processing. (Pem>Per @
preset threshold). Then, Pen=A0/Am is computed.

In order to ensure that the P, data 1s well above noise
in 108, all further processing is done by returning to the
data of the m/2! iteration (rounded to the nearest inte-
ger), since this data has been stored in memory. This 1s
designated as P, optimum=P,,.

This process is repeated for other windows 1f the
decision diamond 109 states “YES”, until the *NO”
branch is activated. This leads into 110 where the mean
P.1s calculated by summing the P for all the windows,
and dividing by the number of windows, N. This results
in:

The standard deviation 1s

WW
5 1 K=h? 2
U‘=\ N Kil (Peok — KP)

is also calculated and stored in memory as well.
Finally, a criterion of usable P, 1s defined as

np=p+Qpop,

where Qpis a scale factor which may vary from 0.5 up
to 2 or 3. The value of Qpis determined by the degree
of risk of a resulting error in acquisition for large Qp,
compared to a reduction in the number of possible ob-
jects which the robot can be asked to acquire for a small
Qp. The exemplary equipment used Qp=2.

As in the previous case on non-contacting objects, the
next step in 113 is to check the accuracy of acquisition
as far as the vision system is concerned by calculating
and displaying the location and orientation of selected
objects which can successfully be acquired by the ro-
bot. If this has been accomplished, the training process
is complete.

FIG. 7A 1s a flowchart of the operational phase of the
equipment, showing in detail what is included in box 97
of FIG. 5, the total system diagram. The operational
phase uses constants derived during the training phase
of FIG. 6. FIGS. 7B and 7C show 1n greater detail what
is included in box 117 of FIG. 7A.

In FIG. 7A, box 114 indicates that the robot arm s
first moved out of the field of view of the camera which
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1s located above the robot arm and looking down on the
collection of objects in the bin. The decision diamond
115 checks to determine whether the robot gripper still
carries an object from a previous operation. If “YES”,
the robot is directed to place the object on the receiving
station, 116, which may be a moving belt, a rotating
tabletop, or other mechanism to handle separated indi-

vidual parts. The robot then remains out of the field of

view and the camera in 117 takes a picture within a
window and the complex signal processing of the scene
to be described 1n FIGS. 7B and 7C takes place. During
this process, a check 1s made of the contents of the bin
at 118 and if 1t 1s empty the process stops until a new bin
1s moved into place. If parts are still in the bin, as indi-
cated by the *NO” conclusion at 118, the robot arm 1s
sent to the center of the bin at 119. In box 120, the
processing in FIGS. 7B and 7C has progressed to the
point where the x,y coordinates of the centers of area
and the angles of orientation of a number of objects can
be calculated and displayed on the monitor in 121. The
robot is then checked at 122 for readiness to receive the
data from 120. If not, the data 1s withheld until the
*“GO” signal 1s given at the “YES” output of 122 and
then the location and orientation of the object having
the largest area and satisfactory elongation ratio is sent
to the robot controller in 124. The robot controller then
directs the movement of the arm 125 and orients the
gripper to properly grasp the object. The arm then
descends into the bin until the selected object intercepts
a hight beam between the jaws of the gripper, as indi-
cated in 126. Assuming that no collision has occurred,
the photosensor will indicate a light cutoff by the pres-
ence of the object and this signal will trigger the jaws to
close at 127. As the jaws close, pressure sensors will
indicate the firmness of grasping the object between the
jaws at 128, and assuming that the object 1s firmly
grasped, the cycle is repeated, in that the arm in 114 is
moved to deposit the object on the receiving station in
116 and the program activates the vision system as be-
fore with a new window covering a new area of objects.

If, however, the collision sensor was activated before
the above procedure, the decision diamond 129 ques-
tions whether other qualified candidate objects are
available. If “YES”, then a loop i1s followed including
boxes 122, 123, and 124, wherein the next best object’s
coordinates and orientation are transmitted to the robot
controller and the aforementioned sequence 1s fol-
lowed. If the answer to 129 is “NO”’, meaning that there
are no remaining qualified candidates, a new cycle is
initiated and the camera and system selects new objects
within new windows, and this goes on until etther the
bin 1s empty or an operation stop 1s ordered. |

The flowchart of FIG. 7B starts at 130 with the tak-
ing of a picture of the objects on the surface of the bin,
and the feeding of the video signal to 131, where the
video range expander, whose circuit 1s shown 1 FIG.
3A, processes it by using the stored information on
black-level and offset setting imformation from 132 gen-
erated during the training phase of FIG. 6. This pro-
cessed video 1s stored at 133 in the frame grabber. To
ensure that the process 1s proceeding properly, the re-
sulting gray scale image 1s displayed at 134 on the moni-
tOr.

Selection of differing system resolutions between

large and small objects allows faster processing. Thus,
for large objects, an 80X 80 pixel window is sampled at
half resolution (alternate pixels used), whereas for
smaller objects a 40X 40 window is sampled at full sys-
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tem resolution. Ideally, the diagonal of the window is
adjusted to encompass the length of the object. Thus,
the processing time which is a function of the number of
pixels in the window is the same for both window sizes.

The program at 135 then generates a rectangular

window whose size is dependent on the size and diame-
ter data of the objects in the bin, which data at 136 had
been stored in memory during traming. At 137, using
training data on K and R from 138, the processor pro-
duces a smoothed intensity histogram as described in
connection with FIGS. 4A and 4B and as shown in
greater detail in FIG. 7D. The value of K and R used in
the operating example of the system were respectively
0.9 and 3. The values may vary over a range determined
by the characteristics of the objects under scrutiny. The
value of the threshold derived therefrom is used to
enhance the image in 139. Each pixel intensity within
the window, 1(x,y), 1s compared  against the threshold
T. For each I(x,y), the intensity of reflected light inside
the window, the following decision procedure 1s carried
out to enhance the image:

If I(x,p)=T, then I(x,y)=1(x,p)
that 1s, it remains unchanged.
If I(x,y)<< T, then I(x,y)=0

The enhancement of the image in box 139 1s accom-
plished by scanning across the image and comparing the
brightness of each pixel with a threshold brightness T.
The image 1s scanned by a window covering one pixel
and the eight pixels adjacent to it, for example. These
techniques mmvolve scanning across the image with a
pixel window of N XM dimensions (where N and M are
odd), for example, a N=M =3 matrix. The magnitude
of the central location light intensity in the matrix 1s set
to “0” when the magnitude of light intensity at any of
the locations in the matrix are less than a given thresh-
old T. In the prior art when all these elements are above
the threshold, a *1” 1s placed 1n the central location.
This process is carried out iteratively until a certain
criterion 1s satisfied involving the remaining non-zero
points. This rule can also be inverted and applied to
dark points on a hght background. This process effec-
tively enhances the contrast between bright and slightly
darker illuminated areas and thus contributes to the
separation of bright objects which touch but have a
slightly shadowed area between them.

This process of using 0 and 1 1s known in the art. The
shortcoming of this prior art system arises from the fact
that since intensities above the fixed threshold are re-
placed by a fixed number, such as “1”, all gray scale
information in the bright portions of the scene is lost. A
significant improvement in the rate of effectively sepa-
rating the objects in the scene is to retam the gray scale
intensity values above the threshold and automatically
and adaptively raise the threshold, T, in the next itera-
tion and similarly in the following iterations. This re-
sults in more rapid convergence to a separated or seg-
mented 1mage and to a more accurate representation of
the bright areas of the scene. As before, the process can
be inverted (gray scale values below the threshold), for
dark objects in a bright background.

FIG. 915 a comparison of the two systems illustrating
a more rapid convergence and separation of bright spots
by the gray scale adaptive technique. Here, the original
image 156 shows the pixel intensities in a given window.



4,613,269

11

In the conventional binary system 157 is the first itera-
tion in data reduction by representing any level below
the set threshold (18 units) as 0 and those above as a 1.
In the second iteration 158 although the data has been
reduced, the desired goal of separating the two centers
of high brightness has not been achieved and a third
iteration will be required.

In the case of the adaptive threshold gray scale sys-
tem 1359 using the same threshold of 18 units in the first
iteration but retaining gray scale values, those below 18
are designated 0; those above are maintained as numer-
iIcs. Recognizing that shifting the threshold, T, to 25
units in the second iteration would lead to a distinct
separation of bright objects, this i1s done and the result,
as shown in 160, has accomplished separation.

A further improved system, called separable data
segmentation, can be used for reducing or segmenting
lighter from darker regions in a scene with a consider-
able reduction of circuitry and consequent lower cost.

3

10

15

It 1s estimated that for a 33 matrix the number of 20

electrical components required 1s reduced approxi-
mately 50/1 by the 2D separable method shown in FIG.
10, over the simultaneous data segmentation method,
despite the two step process involved. Two-dimen-
sional separable data segmentation 1s accomplished by
scanning and processing sequentially by rows, then by
columns, rather than simultaneously on a two-dimen-
sional or area basis, as has been done heretofore. A
comparison of the simultaneous two-dimensional ap-
proach, wversus the two-dimensional separable ap-
proach, 1s shown in FIGS. 10A and 10B. The former
shows a black dot on a white field represented by B and
W letters at 161, and represented pictorially at 162 of a
7 X 7 pixel square area. The area 1s converted to a black
region surrounded by a peripheral white area as shown
at 163 literally and pictorially at 164. This is an example
of the process shown in FIG. 9.

In the two-dimensional separable data segmentation
system, scanning is by a 1 XN matrix window, first
horizontally by rows, then vertically by columns, as
shown on the nght side of FIG. 10A. The result 1s seen
to be i1dentical to the two-dimensional approach, but the
circuit implementation 1s much simpler despite the two
step process. F1G. 10B shows a similar comparison for
a 6 X5 pixel area of a 50% black on 50% white scene,
167 through 172. Note that diagonal edges are also
processed correctly by the separable technique.

The two-dimensional separable system may be imple-
mented as shown 1in FIGS. 11A and 11B. In FIG. 11A,
the processed camera output 173 goes through one
iteration of data segmentation by rows 174 and is passed
onto a frame grabber 175. The latter 1s then scanned by
columns at 176, and the result is stored in 2a computer at
178 and i1s also fed to an 1teration stopping circuit 177.
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There 1s, however, a limit on the total number of 55

iterations in a practical system to insure adequate speed
of processing. At each additional iteration the data is
retrieved from memory in the computer and cycled
through the circuit of FIG. 11A and stored in com-
puter. When the above has been accomplished, the
current data block is read out to the next stage of the
image processing system.

FIG. 11B shows a simplification of FIG. 11A 1in
which the reduction circuit by column is eliminated by
using a row circuit for both row and column scanning
since both circuits are similar. Except for some addi-
tional timed switching 180, and slight modification in
the computer program 181 and 179, this step results in a
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significant cost and complexity reduction. Otherwise,
the system operates similarly to FIG. 11A, with similar
output.

FIG. 11C illustrates an example of one-dimensional
implementation for three points, wherein the input 1s S,
the output 1s t;_, where 1 1s the index of video sample
sequence and T s the threshold. The logic circuitry
produces a result t;..1 =0, when one or more of §;, §;..1,
Si—2, are less than T. t;_1=S;_1, 1if all are equal to or
greater than T. 182 and 183 are delay devices and 184 is
a logic circuit.

The system of image enhancement described in con-
nection with FIGS. 10 and 11 are useful in the box 139
of the FIG. 7B flowchart. The output of box 139 is an
enhanced image of bright pixels each designated by
I(x1y), and dark pixels each designated by a “0”. The
area of the bright image surface is calculated in 140. The
decision diamond 141 to which 1s fed stored training
data from 142, controls two alternative channels of
further processing, one for touching and the other for
non-touching or separated objects. The “YES” decision
at 141 leads over the touching path to 143 in FIG. 7C,
and the “NO” decision leads over the non-touching
path to 155 in FIG. 7C.

Following the path for the touching objects, the op-
eration in 143 of FIG. 7C utilizes the training data in 144
on aliowable reflectivity ratio R,. This ratio determines
the possible variation 1n intensity for each pixel scanned
and seeks an edge gradient as shown, using a logarith-
mic rather than a linear operator, to minimize the effects
of variation in i1lilumination 1;, and enhance low level
signals. The functions in box 143 of FIG. 7C are shown
in greater detail in FIG. 7E.

The principle of the log gradient 1s extended to gradi-
ent operators that cover a local neighborhood of multi-
ple pixels, 1.e., 3 X3, 3X35, etc., neighborhoods. A par-
ticular example of such an application is to the Sobel
operator.

In this case, the log of individual pixels can be taken
before application of the operator where:

Glxy)=|a|+{b|.

where
G(x,y) 1s the local intensity gradient as in FI1G. 13-I.
and
a=(log A3+ 2log A3+log A4)—(log Ag-+2log
A7+log Ae),
and

b=(log Ao+ 2log A1 +log Aar)—(log A+ 2log
As+log Ag)

If G(x,y)>log Ro, I(x,y)=0;
otherwise, f(x1y)=7 (x2p) and no edge exists.
Here, Ag=1(x,y) (FI1G. 13), and Ag, . . ., A7 are the
intensities of the 8 neighbors of pixel I(x,y).
The multiplicative nature of the operator, i.e., com-
bining the terms

log(A4243°A44)
log(AoA41°Ae)

log(Ao4 1242)

and & = >
log(AeA3-A44)

g =

makes this very sensitive to small changes in pixel inten-
sities and therefore would be very effective in detecting
shallow intensity gradients between object boundaries.
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However, the use of this operator makes the output
very sensitive to the noise associated with the same
scenes. In scenes with smooth objects and little back-
ground noise, this sensitivity is of little concern. How-
ever, when dealing with rough textured objects, an
implementation with greater smoothing capability is

preferred. An operator which reduces this sensitivity to
extraneous noise is (FIG. 13-II):

a=log(Az+2A43+ As) —log(Ag+ 247+ Ag)

b=log(Ap+ 241+ A2)—log(de+ 245+ As)

The image is processed in 143 by a log gradient oper-
ator using the reflectivity reference ratio R, which has
been obtained during the training procedure. This re-
flectivity ratio of adjacent pixels is used as a means of
identifying an edge of the subimage within the window
and 1s derived as follows:

It has been established that AI above a certain value
Al, 1s a criterion of an edge, i.e.,

Al= [ H(xp)—~I(xp) | ZAl,

where I(x,y) and I(x2y) are the reflected light intensities
from adjacent pixels along a scan line. The above inten-
sity difference has a basic limitation in that the reflected
intensity is dependent on the incident light, I;, as fol-

lows:
I(x1y)=11p1

and

I(x2y)=1] p,

where p1 and p; are the effective reflectivities of adja-

cent pixels areas, and
| H(x1p)—I(x29) | =I1(p1—p2)=ILDp,

which must exceed Al, for an edge.

The incident light may, however, vary during train-
ing and during operation thus causing edge decision
errors. By using a log operator as shown below, this
dependency on incident light I is eliminated as follows:

11 p1
I1p2

Pl

g_

p2

|log Ir(x1y) — log Iz(x2p)| = |log = = log|R]

which is independent of incident light and is dependent
only on the ratio of effective reflectivities, assuming
I(x2,)540. If (xa2y) does equal 0, it is set to 1 before
applying the log operator.

If therefore, as a result of this processing the log
gradient at point x,y is equal to or greater than the log
of a reference reflectivity ratio R, an edge must exist at
such point. These edges are suppressed by setting log
I(x,y)=0. When no edge exists log I(x1,y)=log I(x2,y),
hence I(x,y) is unchanged as scanning proceeds.

The “log gradient” operation puts the image data
through a preliminary data segmentation procedure to
provide significant separation of the objects for further
steps in the acquisition of one of the objects.
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The area of the bright portion of the image after edge
suppression, Aj, is calculated at 145 and the P, ratio of
the original area Agto Aj, is derived, (Pc; =Ao/A}).

A data segmentation or shrinking process is repeat-
edly performed as shown at 146 of FIG. 7C, and in
greater detail in FIG. 7F. The shrinking process is re-
peatedly performed until one of the following exists: (1)
the image area reduction, as indicated by Pem—Ao/Am)
resulting from an increasing threshold equals or exceeds

np, 1.€.,

which has been calculated during the training phase
described in FIG. 6, and is fed from 147 into 146. Or, (2)
the number of iterations m=N;, which is a fixed limit
such as 10 in the exemplary system. These limits prevent
wasting computer time during object acquisition. Be-
cause the image at iteration m has too few usable bright
areas, the data at the previous iteration, m—1, is se-
lected and used at 148.

The program now collects the components of the
image at the m—1 iteration at 148 into identified clus-
ters at 149, and displays the multiple clusters on the
monitor at 150. The data segmentation process when
continued to the m—1 iteration may result in object
images which are no longer continuous but are broken
up into spots with intervening dark areas. These must be
reconstructed into recognizable separated images. This
1s done in 151 with inputs from 152 which defines the
minimum acceptable distance, D,,in, between isolated
pixels which are to be considered as part of different
objects. These clusters are merged when they are closer
than Dy, and form the basis for calculations of their

centers of area and the angular orientations of their
major axes in 120 of FIG. 7A.

There are, however, two further criteria which must
be met by bright areas before being designated as candi-
dates for acquisition by the robot. As shown in 153, the
clusters must possess areas greater than a minimum
value, S,in and elongations (E=Length/Width) greater
than E,;;,, which have been established during the train-
ing phase 154 for elongated objects. Those clusters
meeting these criteria are then identified to 120 in FIG.
TA for further computation.

If, however, the objects under scrutiny were initially
separated but were desired to be oriented or handled on
an individual basis, the processing can be considerably
simplified as shown by the branch of the flow diagram
beginning with the decision diamond 141 in FIG. 7B at
the “NO” output which leads into 155 of FIG. 7C.
Here, the decision diamond 155 asks the question
whether the area A, computed in 140 is equal to or
greater than

N4=pq4— QAU'A;

which data is supplied by 147 in FIG. 7C from the
training sequence of FIG. 6B. The area 14 is the small-
est area which could produce a satisfactory pattern for
object location and orientation. If the answer is “NO”,
further processing is eliminated and the program in-
structs box 117 in FIG. 7A to go to the next window
and seek a better object since the above data will lead to
an unreliable acquisition. If, however, the “YES” an-
swer 1s provided, the iteration process in 143, 145, 146
and 148 to separate the objects is unnecessary, and the
output of decision diamond 155 leads directly to box
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149. The rest of the cycle at 151 and 153 is similar to that
of the contacting objects described previously.

Reference is now made to FIG. 12 for a description
of a system to increase the speed and certainty of grasp-
ing either cylindrical or non-cylindrical objects located 5
within a mass of similar objects of random orientation
and in contact with each other.

In FIG. 12A, an exemplary object, 185, is shown
which is to be grasped by a parallel jaw robot gripper or
end effector. In the prior art, the center of gravity of the 10
bright area was found, however, for many non-elon-
gated objects, to fall outside the bright area of the ob-
ject. On the other hand, the center of area of any object
shape always falls within the lighted area of the object.

The adjusted center of area is first located n the 15
neighborhood of the originally computed center of area
of a body by averaging several scans in that neighbor-
hood and the use of one or two iterations. One iteration
consists of one set of horizontal and one set of vertical
scans as shown in FIG. 12A. For each set of scans, the g
adjusted center of area is relocated at their average
midpoint.

This is followed, in FIG. 12B, by taking polar scans
through the corrected center of area 186 at increments
of 6 and determining the length Lg for each scan, where 55
Lg is the distance from one edge of the bright area to the
other edge, through the center of area as shown 1n the
figure. Lo is a periodic function with a period of =
radians. Lg is then smoothed by a moving window, as
for example a 1 X3 matrix, to produce the function Lo 3
as shown in FIG. 12C, 187. L;p minimum and Ly maxi-
mum are then found and the ratio

Lo MAX

E = m—- 1s calculated. 35

If EZE,, which is the specified elongation ratio for
successful pickup, the signal is given to the robot to
attempt pickup. If this ratio 1s less than E,, the shape 1s
wrong for successful pickup, so no pickup 1s attempted. 40
Note that for non-elongated objects, this test can be
elimmated.

In FIG. 12B it is evident that the faces of the gripper
jaws are perpendicular to the L Min direction and are
centered around L Min and pressing through the cor- 45
rected center of area. To produce more precise values
of Lsg Min, the Ad steps may be made smaller, with
additional smoothing.

Another technique which can be used to determine
whether the graspsite should be accepted or rejected by 50
the parallel jaw gripper is to use dual line fitting using
the end points of the scans in the vicinity of the shortest
scan through the center of area. Lines ab and a'b’ are
drawn through the best fit of these end points in the
vicinity of the center of area and are used to orient the 55
parallel-jaw gripper. However, if a; and a; which are
the angles which lines ab and a’'b’ make with the zero
angle reference lines are considerably different, indicat-
ing a lack of parallelism, no attempt should be made to
grasp the object by the parallel jaw gripper. 60

A further test can combine the information of both of
these tests. It is evident that when a suction cup or
magnetic pickup device 1s used instead of a parallel jaw
gripper, the adjusted center of area itself provides suffi-
cient data for successful pickup. 65

FIG. 8 is a diagram of the object acquisition system of
FIG. 2 in combination with an electro-optical system
for inspecting and transferring objects acquired by the
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system of FIG. 2. Means are provided for inspecting
acquired objects for possible defects, and the distribu-
tion of such inspected parts into various receptacles or
production lines based on the decision processes of the
inspection system. A further function may consist 1n
rotating the object into a specific orientation to expedite
the production process. In FIG. 8, items 1 to 33 are
identical to those in FIG. 2 both in arrangement and
function. Items 34 to 40 constitute the added system.
The robot 7 after having acquired an object 35 deposits
it into the presentation stand 34 where it may be ori-
ented in any one of two positions. Video camera 39
views the object 35 which 1s illuminated by a ring type
lamp 40, for example, and feeds the video information
into a visual inspection system such as the ORS “Scan-
System 200" system, manufactured and sold by Object
Recognition Systems, Inc., of 1101-B State Road,
Princeton, N.J. 08540. The system incorporates stored
information as to “good’ objects as well as their proper
orientation in the production line. Other arrangements
for this intermediate step, such as a flat surface, can be
used.

Electrical information from the “ScanSystem” mput
sensor i1s processed by a microcomputer in system 38.
The resulting data is a digital feature-set uniquely repre-
sentative of the original object. The microcomputer
then mathematically compares this feature-set against
other feature-sets previously stored in memory repre-
senting one or more objects or scenes. On a closest
match basis, an identification is made which initiates a
decision response controlling an on-line activity such as
deflecting a defective part or sounding an alarm. A
variety of other processing strategies may be selected
by the operator to further enhance the ability of the
“ScanSystem” to deal with a broad range of industrial

visual process control requirements.

Information is fed to the robot controller system 8
which directs the robot to pick up the object 35 and
deposit it into the proper receptacle 36 or 37 or produc-
tion line 11 in the proper orientation. Having done so,
the robot 7 returns to its bin picking operation as de-
scribed herein and the cycle is repeated until the bin is
empty.

What 1s claimed 1s:

1. A robot system for acquiring randomly-arranged

workpieces, comprising

a robot assembly -including a hand, and a controller
for controlling the movement of the hand to posi-
tions to successively grasp workpieces of given size
and transfer them to a predetermined site,

a video imaging device to provide a video signal
representing a brightness image of the randomly-
arranged workpieces, and

a computer programmed to be responsive to the
video signal from the imaging device and operative
to modify the image, to compute a holdsite on a
workpiece in the image, and to command the robot
assembly to grasp the workpiece and transfer it to
said predetermined site,

said video mmaging device including a video range
expander for selecting and amplifying a range of
video signal amplitudes between a gray threshold
level and a white clipping level,

said computer including program means to quantize
the selected video signal having said range of am-
plitudes into digital pixels within a plurality of
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windows all having a size proportional to the size
of the workpieces, said means to quantize the se-
lected video signal including means to generate the
same number of digital pixels of the image within
the window regardless of the size of the window,
and to enhance the quantized 1mage by making all
pixels having a brightness intensity less than a
threshold intensity T equal to zero, and retaining
the brightness intensities of all pixels above the
threshold T, said threshold intensity T being com-
puted by program from an intensity histogram so
that T exceeds the intensity of the most numerous
dark pixels by a predetermined fraction of the dif-
ference between the intensity of the most numerous
dark pixels and the intensity of the most numerous
bright pixels.

2. A system according to claim 1 wherein said com-
puter includes program means to suppress the edges of
the enhanced video image by reducing to zero all pixels
whose brightness compared with the brightness of any
adjacent pixel is greater than a predetermined ratio.

3. A system according to claim 2 wherein the bright-

10
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ness ratio of adjacent pixels 1s computed by determining

the difference of the logarithms of the reflected intensi-
ties of the two pixels.

4. A system according to claim 2 wherein the bright-
ness of each pixel 1s compared with the brightness of
adjacent pixels along adjacent horizontal rows, and
then the brightness of each pixel 1s compared with the
brightness of adjacent pixels along adjacent wvertical
columns. |

5. A system according to claim 1 wherein said com-
puter mcludes program means to shrink the digitized
image having an area A to an image having an area A,
by making each pixel equal to zero which has an inten-
stity less than a predetermined initial threshold, or which
1s adjacent to a pixel having an intensity less than the
predetermined threshold.

6. A system according to claim S5 wherein said com-
puter includes program means to repeat said shrinking

with progressively higher thresholds until the ratio of
the area A to the area A, exceeds a predetermined ratio.

7. A system according to claim 6 wherein said prede-
termined ratio of areas is computed during a training
phase to be in the range from 3 the standard deviation,
to three times the standard deviation greater than the
average ratio of areas found in all of said plurality of
windows by progressively shrinking the images in the
plurality of windows until the ratio of each initial area
to each final area 1s greater than a predetermined train-
Ing ratio.

8. A system according to claim 6 wherein the repeti-
tion of said shrinking is stopped if the number of repeti-
tions exceeds a predetermined number.

9. A system according to claim 6 wherein said com-
puter includes program means to go back to the image
arrived at after an earlier than last one of said progres-
sively shrunk images.

10. A system according to claim 9 wherein said com-
puter includes program means to form clusters of bright
pixels by adding bright pixels in spaces less than a pre-
determined minimum distance between existing bright
pixels.

11. A system according to claim 10 wherein said
computer includes program means to identify said clus-
ters having an area greater than a predetermined mini-
mum area.
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12. A system according to claim 11 wherein said
computer includes program means to identify said large
clusters which also have a length-width ratio greater
than a predetermined mimimum.

13. A system according to claim 12 wherein said
computer includes program means to compute the loca-
tion of a central point and the orientation about that
point of a grasp site on a workpiece represented by an
identified large elongated cluster of pixels, and to com-
mand the robot assembly to grasp the workpiece and
transfer it to a predetermined site.

14. A system according to claim 13 wherein said
computer includes program means to compute the cen-
ter of area of the cluster of pixels to determine the loca-
tion of the grasp site, and to compute 2 minimum dimen-
sion of the cluster of pixels to determine the orientation
of the grasp site.

15. A system according to claim 1 wherein said hand

18 a parallel-jaw gripper provided with means to limit

the workpiece-gripping pressure in accordance with the
amount of compression of the gripped workpiece.

16. A system according to claim 1, and in addition, a
second video imaging device to provide a video signal
representing a workpiece which has been transferred to
sald predetermined site, and computer means pro-
grammed to examine the video signal from said second
video imaging device and to compare the examined
image with a least one predetermined reference image,
and to command said robot assembly to transfer the
workpiece to a site for workpieces corresponding with
said reference image, and to another different site for
workpieces not corresponding with said reference im-
age.

17. A robot system for acquiring non-touching ran-
domly-arranged workpieces, comprising

a robot assembly including a hand, and a controller

for controlling the movement of the hand to posi-
tions to successively grasp workpieces of given size
and transfer them to a predetermined site,

a video 1maging device to provide a video signal

representing a brightness image of the randomly-
arranged workpieces, and

a computer programmed to be responsive to said
video signal from the imaging device and operative
to modify the image, to compute a holdsite on a
workpiece 1n the image, and to command the robot
assembly to grasp the workpiece and transfer it to
said predetermined site,

said video imaging device including a video rangé
expander for selecting and amplifying a range of
video signal amplitudes between a gray threshold
level and a white coupling level,

sald computer including program means t0 quantize
the selected video signal having said range of am-
plitudes mnto digital pixels within a plurality of
windows all having a size proportioned to the size
of the workpieces,

program means to enhance the gquantized image by
making all pixels having a brightness intensity less
than a threshold T equal to zero, and retaining the
brightness intensities of all pixels above the thresh-
old T, wherein said threshold intensity T is com-
puted from an intensity histogram by program
means which selects the threshold intensity T at a
value intermediate that of the most numerous dark

pixels and that of the most numerous bright pixels,
and
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program means to determine whether the bright pixel
area in a given window is greater than an area,
computed during a training phase, which is mn the
range of 4 a standard deviation, to three standard
deviations less than, the average of the areas found
in all of said plurality of windows.

18. A system according to claim 17 wherein said
computer includes program means to form clusters of
bright pixels by adding bright pixels in spaces less than
a predetermined minimum distance between existing
bright pixels.

19. A system according to claim 18 wherein said
computer includes program means to identify said clus-
ters having an area greater than a predetermined mini-
mum area.

20. A system according to claim 19 wherein said
computer includes program means to identify said large
clusters which also have a length-width ratio greater
than a predetermined minimum.

21. A system according to claim 20 wherein said
computer includes program means to compute the loca-
tion and orientation of a grasp site on a workpiece rep-
resented by an identified large elongated cluster of pix-
els, and to command the robot assembly to grasp the
workpiece and transfer it to a predetermined site.

22. A system according to claim 21 wherein said

computer includes program means to compute the cen-
ter of area of the cluster of pixels to determine the loca-
tion of the grasp site, and to compute the axis of least
moment of inertia of the cluster of pixels to determine
the orientation of the grasp site.

23. The processing of a video image of randomly-
arranged and touching workpiece of given size, com-
prising the steps of

selecting and amplifying a range of video signal am-

plitudes between a gray threshold level and a white
clipping level,
quantizing the selected video signal, having said
range of amplitudes, within a window having a size
proportional to the size of the workpieces,

enhancing the digitized video image by making all
pixels having a brightness intensity less than a
threshold T equal to zero, where the threshold T 1s
computed from an intensity histogram by means of
a computer program which selects the threshold
intensity T at a value intermediate that of the most
numerous dark pixels and that of the most numer-
ous bright pixels,
suppressing the edges in the enhanced video image by
reducing to zero all pixels whose brightness com-
pared with the brightness of any adjacent pixel is
greater than a predetermined ratio R,

shrinking the edge-suppressed image having an area
A to an image having an area A, by making equal
to zero each pixel which has an intensity less than
a predetermined initial threshold, or which is adja-
cent to a pixel having an intensity less than the
predetermined threshold,

repeating said shrinking with progressively higher

thresholds until the ratio of the area A to the area
A, is larger than a predetermined hmit ratio, or
until a predetermined number of iterations 1s ex-
ceeded,

identifying clusters each consisting of adjacent bright

pixel in a earlier than the last one of the progres-
sively shrunk 1images,

merging clusters of bright pixels by adding bright

pixels in spaces which are less than a predeter-
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mined minimum distance between existing bright
pixels,
identifying merged clusters having areas greater than
a predetermined minimum, and having a length-
width ratio greater than a predetermined minimum,
and |

computing a grasp location and orientation of an
identified cluster.

24. The processing of a video image of randomly-
arranged non-touching workpieces of given size, com-
prising the steps of

selecting and amplifying a range of video signal am-

plitudes between a gray threshold level and a white
clipping level,
quantizing the selected video signal, having said
range of amplitudes, within a window having a size
proportional to the size of the workpieces,

enhancing the digitized video image by making all
pixels having a brightness intensity less than a
threshold T equal to zero, where the threshold T 1s
computed from an intensity histogram by means of
a computer program which selects the threshold
intensity T at a value intermediate that of the most
numerous dark pixels and that of the most numer-
ous bright pixels,

identifying clusters each consisting of adjacent bright

pixels,
merging clusters of bright pixels adding bright pixels
in spaces which are less than a predetermined mini-
mum distance between existing bright pixels,

identifying merged clusters having areas greater than
a predetermined minimum, and having a length-
width ratio greater than a predetermined minimum,
and

computing a grasp location and orientation of an

identified cluster.

25. A robot system for acquiring randomly-arranged

workpieces of given size, comprising

a robot assembly including a hand, and a controller
for controlling the movement of the hand to post-
tions to successively grasp workpieces and transfer
them to a predetermined site,

a video imaging device to provide a video signal
representing a brightness image of the randomly-
arranged workpieces, and

a computer programmed to be responsive to the
video signal from the imaging device and operative
to modify the image, to compute a holdsite on a
workpiece in the image, and to command the robot
assembly to grasp the workpiece and transfer it to
said predetermined site,

said video imaging device including a video range
expander for selecting and amplifying a range of
video signal amplitudes between a gray threshold
level and a white clipping level,

said computer including program means to quantize
the selected video signal having said range of am-
plitudes into digital pixels within a plurality of
windows all having a size proportioned to the size
of the workpieces,

program means to enhance the quantized image by
making all pixels having a brightness intensity less
than a threshold T equal to zero, and retaining the
brightness intensities of all pixels above the thresh-
old T,

program means to form clusters of bright pixels by
adding bright pixels in spaces less than a predeter-
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mined minimum distance between existing bright
pixels,
program means to identify said clusters having an
area greater than a predetermined minimum area,

program means to identify said large clusters which
also have a length-width ratio greater than a prede-
termined minimum,
program means to compute the location and orienta-
‘tion of a grasp site on a workpiece represented by
an identified large elongated cluster of pixels, and
to command the robot assembly to grasp the work-
piece and transfer it to a predetermined site, and

program means to compute the center of area of the
cluster of pixels to determine the location of the
grasp site, and to compute the axis of least moment
of inertia of the cluster of pixels to determine the
orientation of the grasp site.

26. A system according to claim 25 wherein the com-
putation of the center of area of pixels includes comput-
ing an initial center of area by finding the location of the
pixel which occurs half way on a rasterscan through the
cluster of bright pixels, and computing a corrected cen-
ter of area by averaging the bright pixels on a small
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plurality of horizontal and vertical scans passing in the
immediate vicinity of said iitial center of area.

27. A system according to claim 26 and 1n addition
the computation of a minimum dimension of the cluster
of pixels by taking polar scans through said corrected
center of area at angular increments, finding the scan
length dimensions of the cluster of pixels under each
polar scan line, smoothing the lengths with a moving
window, and selecting a polar angle of the shortest scan
line dimension for the needed angular orientation of the
robot hand over the grasp site.

28. A system according to claim 27 wherein the robot
assembly 1s commanded to grasp the workpiece only if
said shortest scan line dimension is less than the maxi-
mum open dimension of the robot hand.

29. A system according to claim 28 wherein the robot
assembly is commanded to grasp the workpiece only if
the ratio of said shortest scan line dimension to the
longest scan line dimension 1s less than a predetermined
value.

30. A system according to claim 27 where the robot
assembly is commanded to grasp the workpiece only if
the endpoints of a plurality of scan line dimensions near
sald shortest scan line dimension define lines having at

least a predetermined degree of parallehism.
¥ : %k * *
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